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Abstract
The influence of aging on the mechanisms of liver injury and regeneration was studied in a model of hepatotoxicity induced in 2-, 6-, 12-,
18- and 30-month-old rats by a sublethal dose of thioacetamide (500 mg/kg body weight), a soft nucleophilic and hepatotoxic compound
metabolized by the hepatic microsomal FAD monooxygenase system. Samples—blood and hepatocytes—were obtained at 0, 12, 24, 48, 72
and 96 h following thioacetamide intoxication. Parameters of liver injury in serum (NADPH-isocitrate dehydrogenase (ICDH) activity)
indicate that the severity of injury was significantly higher in the adult groups (6 and 12 months old) when compared either with the youngest
(2 months old) or oldest (18 and 30 months old) groups. Parameters related to biotransformation, such as microsomal FAD monooxygenase,
followed mainly the same pattern of age-dependent changes as those observed for injury. The profile of glutathione-S-transferase activity
showed an initial induction parallel to liver injury and opposite to the levels of reduced glutathione and protein -SH groups. Enzyme activities
and gene expression of the systems involved in the cell endogenous antioxidant defense, such as Mn- and Cu,Zn-superoxide dismutases
(SOD), catalase and glutathione peroxidase (GPX) showed significant age-dependent changes that can be summarized as follows: an increase
in all enzyme activities and gene expression and a decreased ability to restore the initial activities following 96 h of thioacetamide. We
conclude, first, that the gene expression and activity of the enzymes involved in the intracellular antioxidant defense system increased with
aging, which can be considered a consequence of the enhanced oxidative state of the cell (decreased in GSH level); and second, that the lower
and delayed response in the aged groups significantly influenced the restoration towards normal of GSH and the antioxidant enzyme
activities. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Thioacetamide is a potent hepatotoxic substance when
administered to rats in a single intraperitoneal dose of 6.6
mmol/kg, causing severe liver necrosis [1]. The proposed
initiation of the chain of cellular events leading to xeno-
biotic-induced liver necrosis is due to reactive metabolites
derived from biotransformation of chemical agents. The
active metabolites responsible for hepatotoxicity of thioace-
tamide are those derived from thioacetamide S-oxide, the
product of oxidation of thioacetamide by FAD-monooxyge-
nase system [2]. The free radicals generated by this oxidative
pathway cause lipid peroxidation, glutathione depletion and
a reduction in SH-thiol groups [3]. The selective destruction
of liver cells in the perivenous necrosis is followed imme-
diately by a proliferative process that reaches its maximum at
48 h in 2-month-old rats after thioacetamide administration,
and at 72 h in 6- to 30-month-old animals [4].
Antioxidant defense systems protect cellular homeostasis
from oxidative disruption by reactive molecules generated
through the reduction of molecular oxygen. The efficient
functionality of these defense mechanisms needs the con-
certed activity of the individual systems; thus, superoxide
dismutase (SOD), catalase and glutathione peroxidase (GPX)
should act coordinately in the prooxidant cell states [5,6].
These defense systems also have to be in concert with the
components responsible for the repair process of oxidatively
damaged molecules to maintain the cell integrity. Intracel-
lular concentration of GSH and the protein thiol levels affect
DNA, either modulating DNA synthesis [7] or protecting
DNA from oxidative damage [8]. It has been reported that
0925-4439/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.
PII: S0925 -4439 (02 )00048 -0
* Corresponding author. Tel.: +34-91-543-6262; fax: +34-91-543-8649.
E-mail address: cascales@farm.ucm.es (M. Cascales).
www.bba-direct.com
Biochimica et Biophysica Acta 1587 (2002) 12–20
cell division can be triggered by changes in the content of
sulfhydryl groups of protein or nonprotein origin [9].
The free radical theory of normal aging proposes that
reactive oxygen species (ROS), derived from aerobic life,
are mainly responsible for the injury that macromolecules
accumulate during life span [10]. In senescence, the rate of
ROS generation in hepatocytes is higher than in the young
state, in such a way that the antioxidant defenses are over-
whelmed leading to a situation of oxidative stress [11,12]. In
a previous study of our group, we described that the delayed
and incomplete repair of hepatocytes in aged rats is the
cause of a decline in the proliferative post-necrotic response
of the cell [4]. The changes can increase the risk of toxicity
of drugs due to a delayed restoration of liver cellularity and
function.
In the present paper, we study the effects of aging on the
hepatotoxicity of thioacetamide, analyzing the activity and
gene expression of enzymes involved in antioxidant defense
systems, such as SOD, catalase and GPX, in hepatocytes
isolated from 2-, 6-, 12-, 18- and 30-month-old rats follow-
ing a sublethal and necrogenic dose of thioacetamide.
Parameters related to necrosis, the mechanism of microsomal
drug biotransformation and detoxification and the redox state
of the cells have also been determined in order to establish a
relationship between the aging-dependent changes in anti-
oxidant systems and those of hepatic injury.
2. Materials and methods
2.1. Reagents
Enzymes were obtained from Boehringer Mannheim
(Mannheim, Germany). Substrates and coenzymes were
from Sigma (St Louis, MO). Standard analytical grade
laboratory reagents were obtained from Merck (Darmstadt,
Germany). [a-32P]dCTP (3000 Ci/mmol) and multiprimer
DNA-labeling system kit were purchased from Amersham
(Buckinghamshire, UK). Mn-SOD, Cu–Zn-SOD, catalase
and GPx cDNAs (pGEM4Z) were kindly provided by Dr.
Tilly and Tilly [13].
2.2. Animals and treatment
Male Wistar rats aged 2 months (200–250 g), 6 months
(340–390 g), 12 months (450–500 g), 18 months (520–580
g) and 30 months (550–650 g) were obtained from PAN-
LAB (Barcelona) and were acclimated to our animal room
for 1 week before use. For this week, the rats were supplied
with food (SANDER SA) and water ad libitum and exposed
to a 12-h light–dark cycle. At the end, rats were given
intraperitoneally a single dose of thioacetamide (6.6 mmol/
kg body wt) freshly dissolved in 0.9% NaCl. Untreated
(control) animals received 0.5 ml of NaCl 0.9% [14]. Each
experiment was performed in duplicate from four different
animals and followed the international criteria for the use
and care of experimental animal research outlined in the
‘‘Guide for the Care and Use of Laboratory Animals’’
published by the National Institute of Health (NIH publica-
tion no. 80–83, revised 1985).
2.3. Isolation of hepatocytes and processing of the samples
To follow the time course of the changes induced by
thioacetamide treatment, samples of blood and hepatocytes
were obtained from rats of the five age groups (2, 6, 12, 18
and 30 months) at 0 (control), 12, 24, 48, 72 and 96 h
following thioacetamide intoxication. From anaesthesized
rats, blood and hepatocytes were obtained and processed [1].
Blood was collected from heart of rats and kept at 4 jC for 24
h, centrifuged at 3000 rpm for 15 min and serum was
obtained as the supernatant. Hepatocytes were isolated
according to the classic collagenase perfusion method
[3,15]. Pellets of approximately 3 106 hepatocytes were
quickly frozen in liquid nitrogen and placed at  80 jC until
processed for the different analyses. Hepatocytes (3 106)
were homogenized in ice cold solution of sucrose 0.25 M to
make a 25% (hep/vol) homogenate. The homogenate was
centrifuged at 10,000 g for 30 min at 4 jC; then, the
supernatant was centrifuged at 105,000 g for 45 min at 4
jC, the pellet corresponding to microsomal fraction and the
supernatant (soluble fraction) was dialysed for 2 h [1].
2.4. Enzyme assays
Enzymatic determinations were carried out in serum and
in subcellular fractions (soluble and microsomal) of hep-
atocytes in the optimal conditions of pH and temperature
and with substrates and cofactors at saturation. In serum of
rats, NADPH-isocitrate dehydrogenase (ICDH) was assayed
spectrophotometrically at 340 nm in the presence of isoci-
trate and NADP + [16]. In microsomal fraction, the activity
of FAD monooxygenase was determined spectrophotometri-
cally at 340 nm, measuring the p-nitroso derivative of
diethylaniline, following the method of Sum and Kasper
[17]. In the soluble fraction of hepatocytes, glutathione-S-
transferase was assayed spectrophotometrically at 340 nm in
the presence of GSH and 1-chloro 2,4-dinitrobenzene,
according to Habig et al. [18], and GPX was determined
at 340 nm in the presence of GSH, NADPH and glutathione
reductase, following Gunzler et al. [19]. SOD was deter-
mined in hepatocyte extracts by measuring the decrease in
pyrogallol autooxidation at 420 nm, following the method
described by Del Maestro et al. [20]. Catalase was deter-
mined in the soluble fraction in the presence of H2O2 at 240
nm, following Aebi [21].
2.5. Metabolite assays
Reduced glutathione (GSH) was determined in hepato-
cyte extracts at 420 nm in the presence of 5,5V-dithiobis-(2-
nitrobenzoic acid) following the method described by Grif-
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fith [22] and the results were expressed as nmol/mg of
protein. Protein sulfhydryl groups were determined in the
same extracts with 5,5V-dithiobis-(2-nitrobenzoic acid) as
previously described by Di Monte et al. [23], and the values
were expressed as nmol of SH equivalents/mg protein using
GSH as standard. In thiobarbituric acid reactive substances
(TBARS) determination at 532 nm, the results were
expressed as pmol/mg of protein as previously described
[24]. Proteins were evaluated by the Bradford method [25].
2.6. Northern blot analysis
Hepatocytes (3 106) were lysed with guanidinium
thiocyanate/phenol reagent for RNA isolation [26] as pre-
viously described [27]. Total cellular RNA (40 Ag) was
submitted to Northern blot analysis, being electrophoresed
on 0.9% agarose gels containing 0.66 M formaldehyde and
transferred to GeneScreen TM membranes. The relative
levels of various mRNA transcripts were determined using
catalase, Mn-SOD, Cu,Zn-SOD and GPX probes supplied
by Tilly and Tilly [13]. Hybridization was for 40 h at 42 jC
as described [28] and cDNA labeling was carried out with
[a32P]dCTP using a multiprimer DNA-labeling system kit
(Amersham). Relative densities of the hybridization signals
were determined by densitometric scanning of the auto-
radiograms in a laser densitometer (Molecular Dynamics,
Sunnyvale, CA). Finally, the filters were hybridized with an
18S rRNA probe for RNA normalization. Northern blot
analysis was performed in duplicate from two hepatocyte
samples. The variability in the measurement of fold increase
in mRNA, after quantification by scanning densitometry
from the filters, was not greater than 15%.
2.7. Statistical analysis
The results were calculated as the meansF S.D. of four
experimental observations (four animals). Differences
between groups were analyzed by an ANOVA followed
by Snedecor F (a = 0.05). Student’s t-test was performed for
statistical evaluations as follows: all values against their
controls as (a), and the changes against the oldest group (30
months old) as (b). Differences were significant when
P < 0.05.
3. Results
3.1. Age-dependent changes in parameters related to liver
injury
One of the symptoms of liver pathology is the appear-
ance in serum of hepatic enzymes due to necrosis of
hepatocytes. ICDH, an NADPH-generating enzyme, mainly
located in the hepatocyte perivenous area, is the enzyme
used as a parameter of hepatocellular damage to measure the
in vivo severity of centrilobular necrosis. Serum ICDH
activity is a better marker for perivenous necrosis since
aspartate and alanine aminotransferase are mainly located in
the periportal space [29]. Fig. 1 shows the time course of the
serum ICDH activity following thioacetamide administra-
tion to 2-, 6-, 12-, 18- and 30-month-old rats. It is well
known that serum ICDH activity reaches the peak at the
moment of maximum necrosis and decreases afterwards. In
our experiments, the peak of necrosis developed earlier in
young rats (24 h) than in the older (48 h). However, the
severity of the necrosis was significantly higher in rats aged
6 and 12 months (41-fold P < 0.001 and 43-fold P < 0.001 the
untreated values, respectively) when compared to young rats
(18-fold P < 0.001 the initial value) and to 30-month-aged
rats (16-fold P < 0.001 the untreated values), respectively.
Afterwards, this enzymatic activity decreased towards nor-
mal, which was reached only at 96 h of intoxication in 2-
month-old rats. Especially remarkable was the lower resto-
ration towards normal, detected at 96 h in the senescent
groups (18 and 30 months).
3.2. Age-related changes in microsomal FAD monooxyge-
nase activity in hepatocytes of rats following thioacetamide
intoxication
The intermediary metabolism of thioacetamide is obliga-
tory for the hepatotoxic effect of this compound, and FAD-
monooxygenase is the microsomal system responsible for
its oxidation Fig. 2 shows that the basal activity of this
system underwent age-related changes: increase and de-
crease (nonsignificantly) from young to adult and from
adult to old, respectively. After thioacetamide administra-
tion, FAD monooxygenase activity was induced in all age-
groups. This induction, especially remarkable in hepatocyte
Fig. 1. Age-dependent changes in ICDH: NADPH-isocitrate dehydrogenase
(EC 1.1.1.42) activity in serum of rats following thioacetamide intoxication.
Blood samples were obtained from 2-, 6-, 12-, 18- and 30-month-old rats at
0, 12, 24, 48, 72 and 96 h following thioacetamide administration. The
values are expressed as nmol/min/ml of serum. The results are the
meansF S.D. of four experimental observations from four rats. Changes in
each group against their respective untreated control were expressed as (a).
Changes against the oldest (30 months old) group are expressed as (b).
P < 0.05.
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samples from 6- and 12-month-old rats, reached its max-
imum at 24 h with values near of three times the initial
(280%, P < 0.05). The time course changes observed,
although preceding in 24 h those observed in serum ICDH
activity, followed the same pattern indicating that injury was
a consequence of drug biotransformation.
3.3. Age-related changes in glutathione-S-transferase activ-
ity in hepatocytes of rats following thioacetamide intoxica-
tion
Glutathione-S-transferase is a versatile system involved
in detoxification of xenobiotics. This activity was assayed in
hepatocytes from rats aged 2, 6, 12, 18 and 30 months at 0,
12, 24, 48, 72 and 96 h following thioacetamide intoxica-
tion. Fig. 3 shows that GST activity was markedly induced
following thioacetamide and that the induction was signifi-
cantly remarkable in hepatocytes from adult groups of rats
(6 and 12 months old), reaching at 48 h of intoxication
about three times the initial value. The GST inducibility was
less detectable in hepatocytes of both young (2 months old)
and old (18 and 30 months old) rats.
The lack of parallelism between GST activity and thio-
acetamide-induced liver injury indicate that this enzyme is
uniformly distributed in the hepatic acinus. A slight increase
in GST activity was detected by the effect of aging.
3.4. Age-related changes in the levels of GSH, protein-SH
and TBARS in hepatocyte of different aged rats following
thioacetamide intoxication
As parameters of hepatic redox state and peroxidation,
the concentrations of reduced glutathione (GSH), protein
Fig. 2. Age-dependent changes in microsomal FAD monooxygenase (EC
1.14.18.8) activity in rat hepatocytes following thioacetamide intoxication.
Hepatocytes were obtained from 2-, 6-, 12-, 18- and 30-month-old rats, at 0,
12, 24, 48, 72 and 96 h following thioacetamide administration. The values
are expressed as nmol/min/mg protein and are the meansF S.D. of four
experimental observations from four rats. Changes in each group against
their respective untreated control were expressed as (a). Changes against the
oldest (30 months old) group are expressed as (b). P < 0.05.
Fig. 3. Age-dependent changes in glutathione-S-transferase (EC 2.5.1.18)
activity in the soluble fraction of hepatocytes from rats following thio-
acetamide intoxication. Hepatocytes were obtained from 2-, 6-, 12-, 18-and
30-month-old rats, at 0, 12, 24, 48, 72 and 96 h following thioacetamide
administration. The values are expressed as nmol/min/mg of protein and are
the meansF S.D. of four experimental observations from four rats. Changes
in each group against their respective untreated control were expressed as
(a). Changes against the oldest (30 months old) group are expressed as (b).
P < 0.05.
Table 1
Age effect on intracellular levels of GSH in rat hepatocytes following
thioacetamide intoxication
Age GSH (nmol/mg protein)
(months)
Hours following thioacetamide
0 12 24 48 72 96
2 40F 3.9 24F 2.2a 22F 2.3a 32F 3.2 35F 3.6 37F 3.6b
6 37F 3.2 36F 3.3 21F 2.2a 14F 1.3a 34F 3.3b 35F 3.2b
12 33F 3.2 30F 3.1 20F 2.0a 12F 1.0a 29F 3.0b 32F 3.2b
18 29F 2.2 26F 2.2 19F 1.8a 11F1.2a 12F 1.2a 14F 1.2a
30 25F 2.2 23F 2.2 17F 1.6 9F 1.0a 10F 0.9a 11F1.2a
Hepatocytes were obtained from rats aged 2, 6, 12, 18 and 30 months at 0,
12, 24, 48, 72 and 96 h following thioacetamide. Results are expressed as
nmol GSH/mg protein and are the meansF S.D. of four experimental
observations (four rats). Changes in each group against the corresponding
untreated control are expressed as (a). Changes against the oldest (30
months old) group are expressed as (b). P < 0.05.
Table 2
Age effect on intracellular levels of protein-SH in rat hepatocytes following
thioacetamide intoxication
Age Protein-SH (nmol/mg protein)
(months)
Hours following thioacetamide
0 12 24 48 72 96
2 85F 8.0b 83F 8.1b 36F 3.3a 47F 5.0ab 78F 7.6b 83F 8.6b
6 80F 8.2b 78F 7.2b 55F 5.4a 30F 3.1ab 72F 7.3b 75F 7.3b
12 75F 7.2 70F 7.1 43F 4.0a 26F 2.1a 68F 7.0b 70F 7.2b
18 67F 6.9 55F 5.1 38F 3.8a 19F 1.8a 28F 2.2a 32F 3.1a
30 56F 5.3 45F 4.0 35F 3.6a 18F 1.6a 18F 1.6a 23F 2.1a
Hepatocytes were obtained from rats aged 2, 6, 12, 18 and 30 months at 0,
12, 24, 48, 72 and 96 h following thioacetamide. Results are expressed as
nmol protein-SH/mg protein and are the meansF S.D. of four experimental
observations (four rats). Changes in each group against the corresponding
untreated control are expressed as (a). Changes against the oldest (30
months old) group are expressed as (b). P < 0.05.
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thiol groups, and the levels of TBARS were determined in
hepatocyte extracts from the five aged-groups of thioaceta-
mide-treated rats.
Tables 1–3 show the time course of changes on reduced
glutathione, protein thiol groups and TBARS. In our experi-
ments, a progressive age-dependent GSH decrease in the
Table 3
Age effect on intracellular levels of TBARS in rat hepatocytes following thioacetamide intoxication
Age (months) TBARS (pmol/mg protein)
Hours following thioacetamide
0 12 24 48 72 96
2 410F 40b 440F 46b 760F 73a 613F 60b 480F 46b 400F 38b
6 470F 46b 520F 47b 630F 64 1390F 131a 1202F 103a 412F 43b
12 650F 67 680F 67 812F 74 1600F 152a 1310F 128a 610F 62b
18 713F 69 821F 81 918F 88 1550F 154a 1322F 122a 1212F 131a
30 810F 78 850F 84 875F 76 1510F 156a 1412F 136a 1320F 140a
Hepatocytes were obtained from rats aged 2, 6, 12, 18 and 30 months at 0, 12, 24, 48, 72 and 96 h following thioacetamide. Results are expressed as pmol
TBARS/mg protein and are the meansF S.D. of four experimental observations (four rats). Changes in each group against the corresponding untreated control
are expressed as (a). Changes against the oldest (30 months old) group are expressed as (b). P < 0.05.
Fig. 4. Age-related changes in enzyme activities of antioxidant cell defense enzymes: SOD, catalase and GPX, in hepatocytes from rats following thioacetamide
intoxication. (A) Mn-SOD: superoxide dismutase (EC 1.15.1.1); (B) Cu,Zn-SOD: superoxide dismutase (EC 1.15.1.1); (C) catalase (EC 1.11.1.6) and (D)
GPX: glutathione peroxidase (EC 1.11.1.9). These activities were assayed in samples of thioacetamide-treated hepatocytes at 0, 12, 24, 48, 72 and 96 h from
rats aged 2, 6, 12, 18 and 30 months. The results are expressed in units/mg protein. One unit of SOD refers to nanogram of enzyme that produces 50%
inhibition in pyrogallol autooxidation. Catalase activity was determined in soluble fraction and one unit of catalase activity is defined as the amount of enzyme
that transforms 1 Amol of hydrogen peroxide per min at 25 jC. The glutathione peroxidase is expressed as nmol/min . The values are the meansF S.D. of four
experimental observations from four rats. Changes in each group against their respective untreated control were expressed as (a). Changes against the oldest (30
months old) group are expressed as (b). P < 0.05. 5 2 months;m 6 months;l 12 months; V 18 months; n 30 months.
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Fig. 5. Northern blot analysis of Mn- and Cu,Zn-SOD, catalase and GPX mRNAs in hepatocytes of thioacetamide-treated rats during aging. Panel A shows a
representative Northern blot with 40 Ag of total RNA, which was sized fractionated in 0.9% agarose/2.2 M formaldehyde gel, transferred to a nitrocellulose
filter and hybridized with a-32P-labeled Mn-SOD, Cu,Zn-SOD, catalase and GPX cDNAs and with 18S rRNA probe for RNA normalization (N). RNAwere
isolated from hepatocytes from 2-, 6-, 12-, 18- and 30-month-old rats at 0, 12, 24, 48, 72 and 96 h after thioacetamide administration (lines 1 to 6, respectively).
Panel B shows the quantification of all mRNAs, after correction with 18S rRNA by densitometer scanning of autoradiograms of Northern blots. The values are
the meansF S.D. of four experimental observations from four rats. Changes in each group against their respective untreated control were expressed as (a).
Changes against the oldest (30 months old) group are expressed as (b). P< 0.05. 5 2 months;m 6 months;l 12 months; V 18 months; n 30 months.
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hepatocytes was detected. By the effect of thioacetamide,
GSH underwent a decline opposite to the parameter of liver
injury and to the concentration of TBARS. The intracellular
concentrations of glutathione (Table 1) and protein thiols
(Table 2) decreased in parallel reaching the minimum value
at 24 h in the youngest group and at 48 h in the adult (6 and
12 months) and in the oldest groups (18 and 30 months). At
96 h of intoxication, the recovery of these two values
towards normal were complete in the youngest group (2
months old), delayed in the adult (6 and 12 months old) and
nearly undetectable in hepatocytes from the oldest rats (18
and 30 months old).
The concentration of TBARS, assayed in hepatocyte
homogenates as a marker of lipid peroxidation, is shown
in Table 3. Following thioacetamide, a sharp and significant
increase was detected in all groups, at 24 h in the youngest
and at 48 h in the adult and the oldest. As in other
parameters assayed, the differences were higher (2.5 times)
in hepatocytes from adult and old rats. Differences were
significant between the oldest groups and the others respect-
ing the recovery of initial values. Thus, at 96 h of intox-
ication, in hepatocytes from 2-, 6- and 12-month-old rats,
TBARS values were similar to the initial values, while in
those of 18 and 30 months, significant differences at 96 h
versus initial were observed. Once more, the parameters of
restoration were delayed in the aged groups.
3.5. Effect of aging on intracellular antioxidant defense
systems following thioacetamide administration
Fig. 4A–D shows the time course of the activities of Mn
and Cu–Zn-SOD isoenzymatic forms, catalase and GPX, in
homogenates of hepatocytes obtained from the five age
groups of rats at 0, 12, 24, 48, 72 and 96 h following
thioacetamide intoxication.
The activities of both Mn-SOD (Fig. 4A) and Cu,Zn-
SOD (Fig. 4B), expressed as units/mg protein, showed a
progressive and significant age-dependent increase. When
assaying the time course of changes in these two enzyme
activities following thioacetamide, a sharp decrease at 24 h
(2 months old) and at 48 h (6 to 30 months old) was
detected, which indicate that these SOD systems are mainly
located in the perivenous area hepatocytes, the most affected
by necrosis. The recovery of the initial activities was
significantly delayed in hepatocytes of the oldest groups
of rats.
The time course changes of catalase activity (Fig. 4C)
showed a profile similar to both SOD with a sharp decrease
at the moment of maximum necrosis, indicating the hetero-
geneous intraacinar distribution of catalase that is mainly
located at the area surrounding the venous terminal. The
recovery to basal levels of catalase activity was total in
hepatocyte from young and adult rats.
The activity of GPX assayed in the soluble fraction
of homogenates of hepatocytes from the different age
groups following thioacetamide intoxication is shown in
Fig. 4D. GPX activity underwent a significant and pro-
gressive age-dependent increase, and following intoxica-
tion, a noticeable and significant increase was detected,
indicating that GPX activity was induced due to thioaceta-
mide. This induction was less detectable in hepatocytes
from the youngest group. The time course of the changes
detected in the enzyme activity of GPX in hepatocytes from
thioacetamide-treated rats indicate that GPX, in opposition
to both SODs and catalase, is uniformly distributed in the
hepatic acinus.
Northern blot hybridization was used to measure the
relative levels of mRNA transcripts for the genes coding
for the systems involved in endogenous antioxidant defense
as a means of studying the age effect against the hepatoto-
xicity of thioacetamide. Fig. 5 shows the time course of
the gene expression of Cu,Zn- and Mn-SOD isoenzymatic
forms, catalase and GPX in homogenates of hepatocyte
obtained from rats at 0, 12, 24, 48, 72 and 96 h following
thioacetamide administration. Fig. 5A shows representative
autoradiographs and Fig. 5B shows the corresponding
quantifications by scanning densitometry, expressed in arbi-
trary units of the respective mRNA. The profile of changes
obtained by measurement of the level of mRNA showed
parallel changes to those of the respective enzyme activities.
4. Discussion
Following a sublethal dose of thioacetamide, the extent
of liver injury were assayed by measuring the activity of
serum ICDH as a marker of centrilobular necrosis since
this enzyme is mainly located in the perivenous acinar area
[29].
The microsomal activity of liver enzymes decreases as a
function of age from the adult to the old state [4,11,30]. The
influence of aging on these systems is usually associated
with an enhanced sensitivity of the liver and with hepatic
changes such as loss of organ mass, decreased blood flow
and synthesis of abnormal proteins [31,32]. Following
xenobiotic-induced liver damage, the response of senescent
hepatocytes to regenerate is delayed and incomplete due to
their decline in the proliferative potential [11,33].
In the experiments of the present study, the selective
injury of hepatic tissue was expected to alter the balance of
cell components not uniformly distributed in the hepatic
acinus, as in the case of microsomal FAD monooxygenase
system, whose highest concentration appeared in the cells
that surround the venous terminal [34]. The hepatotoxicity
of thioacetamide affects selectively the perivenous acinar
area where it is oxidatively metabolized by its specific FAD
monooxygenase system. Thus, it is the perivenous area that
undergoes the necrotic process. The age effect on this FAD
system was remarkable: significantly increasing from the
young to the adult state and decreasing from the adult to the
old. These changes preceded the extent of necrosis that was
parallel to the activity of this microsomal system.
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Glutathione in its reduced form (GSH) is involved in
many enzymatic reactions that are necessary to preserve
thiol homeostasis, redox state of the cell and defense against
xenobiotics [35,36]. In light of the results obtained, alter-
ations in GSH concentration followed a profile parallel to
the concentration of protein sulfhydryl groups. Following
thioacetamide, the drop in intracellular GSH (55% of the
control) was detected at 24 h in hepatocytes from rats aged
2 months while a the drop in the other aged groups (36–
38% of the respective controls) were detected at 48 h of
intoxication. At 96 h of intoxication, the recovery towards
normal basal levels was total in hepatocytes from 2-, 6- and
12-month-old rats, while it was negligible in the oldest
groups.
It is well known that the central role played by GSH in
detoxification is directly involved in both conjugation of
intermediary metabolites and in the redox processes. GSH
conjugates with electrophilic compounds by means of
glutathione-S-transferases. In our experiments, the activity
of this enzyme underwent an age-dependent increase. Fol-
lowing thioacetamide, an induced effect on this activity was
detected, possibly because of the formation of glutathione-
S-conjugates with electrophiles derived from thioacetamide.
In normal conditions, these conjugates are secreted mainly
into the bile by a versatile ATP-dependent system [37]. The
lack of changes in GST activity due to liver injury indicates
that this enzymatic system is uniformly distributed in the
liver acinus. The enhancement in the hepatic glutathione-S-
transferase activity is an index of increased GSH consump-
tion. Furthermore, the requirement of GSH is higher when
lipoperoxidation processes increase, which are reflected by
the higher concentrations of TBARS in liver extracts
throughout the intoxication.
In our experiments, the activity/gene expression of the
antioxidant enzyme systems clearly increased with aging,
which is not in agreement with other authors [38]. Follow-
ing thioacetamide, parallel changes were observed in SODs
and catalase activities/gene expression. These enzymes act
coordinately eliminating both superoxide anion and hydro-
gen peroxide. [34,39,40]. Our results show that the activity
and gene expression of both forms of SOD, catalase and
GPX increased progressively with aging. The increase can
be considered remarkable in the case of Mn-SOD and
catalase in the age period from 2 to 18 months. As we first
described in control rats [11,12], the activity/gene expres-
sion of the antioxidant cell defense system (SOD, catalase
and GPX) increased with age, but the rate of ROS gener-
ation should overwhelm the induced antioxidant ability
generating a progressive oxidative stress situation, which
can be observed by the age-dependent decrease in the levels
of GSH and protein thiol groups and TBARS enhancement.
Following thioacetamide, Mn-SOD and GPX underwent
significant increases at 24 and 48 h, respectively, which
could be due to an inducing ability of the subproducts of
thioacetamide oxidative metabolism either ROS and/or
substances derived from thioacetamide molecule. Following
thioacetamide, we found an age-dependent decrease in the
intracellular concentration of protein thiol groups, which
demonstrates that oxidized proteins increase with aging.
This increase is interpreted by Tian et al. [38] as a con-
sequence of an age-related decline in antioxidant enzyme
activities. As in our experiments, we repeatedly describe
that antioxidant enzyme activities increase with aging, we
have to find another explanation of our results. We consider
that antioxidant enzyme systems increase with aging, but the
enhancement of ROS production, as well as the enhanced
free radicals derived from thioacetamide, increase at a
higher rate and the antioxidant systems are unable to over-
come the oxidant state of the cells.
The expansion of the hepatic metabolic capacity in rats
from young to adult state results in a higher ability of
response against oxidative stress. Consequently, the natural
decline in hepatic metabolic function from the adult to the
old state should be accompanied by a gradual decline in the
cell response against xeniobiotics decreasing their elimina-
tion and consequently increasing their half lives, leading to a
slight detectable recovery and a delayed restoration of liver
function [4].
Discrepancies have been observed in the recent literature,
respecting the age effect on the activities/gene expression of
enzymes involved in the cell antioxidant defense enzymes.
In this respect, some studies demonstrate that the expression
of antioxidant enzymatic system increase as a function of
age [11,12] while other groups show an aging-dependent
decline [38].
The present results try to clarify the mechanisms by
which the capacity of response of the liver against thioace-
tamide hepatotoxicity was altered depending on age. In the
results obtained in previous and present experiments, the
following age-dependent changes were observed: (i) the
timing and intensity of liver damage, (ii) the inducibility
of microsomal FAD monooxygenase system activity, and
(iii) the delay in the regenerating and recovery of hepatic
function. As the endogenous antioxidant defense systems
are known to play an important role in these responses, the
results obtained demonstrated that there was an age-related
increase in the activity/gene expression of SODs, catalase
and GPX concomitant to an increase in TBARS and
decreases in GSH and protein-SH groups. These observa-
tions are consistent with a compromised antioxidant defense
in liver of aged rats, since one of the causes of age-related
liver damage can be an age-increased generation of ROS.
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